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Challenges with nitride LEDs 

Auf Der	 Maur et	 al., Phys. Rev. Lett.	 
116,	 027401	 (2016). 

Piprek,	 phys. status solidi (a) 
207,	 2217	 (2010). 

1. Droop: lower efficiency at	 high power 
2. Green gap: lower efficiency for longer λ 
3. Polarization fields separate electrons and holes 
4. Composition fluctuations localize carriers 

Can 	theory 	help?	 

Speck and Chichibu, 
MRS Bull. 34,	 304	 (2009) 

Wu et	 al.,	 Appl. Phys. Lett.	 101,	 083505	 (2012) 



	 	 	

	 	
	 	 	

  	 	
  	 	

 

		
	 	 	 	 	 	 	 	

	
	

  	
  	

	
	

	 	 	
	

  	 	 	 	 	 	 	
  	 	 	 	 	

  	
  	
  	

Calculations of	 functional properties 
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Deslippe et	 al. , Comput.	Phys.	 Commun.	 

GW method 

183,	1269	(2012). 

Bethe-Salpeter 
equation 

Density functional 
theory 

• Structure • Band gap • Light	 absorption/emission 
• Thermodynamics • Band structure • Excitons
• Kinetics 

• Combine with device simulations to model LEDs 
• Microscopic understanding of efficiency problems 
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Rondinelli and Kioupakis, Annu. Rev. Mater. Res. 45,	 491	 (2015) 



	 	 	
	 	

	 	
	 	 	

	

	

	 	 	
	 	 	 	

	
	 	 	 	 	
	 	 	 	 	 	

	

	 	 	 	 	 	
	

Auger recombination calculations 
Direct	 Auger Indirect	 Auger 

Energy 

Bulashevich & 
Karpov, pssc (2008) 

Momentum 

Calculations for direct	 Auger coefficient	 
of GaN: C ~ 10–34 cm6s–1 

Too small: Experiment: 10–31 –	 10–30 cm6s–1 

Hader et	 al., Appl. Phys. Lett. 92,	 261103	 (2008). 

But what about higher-order indirect Auger? 



	 	 	 	

	 	 	 	 	 	 		
	 	

	 	 	 	 	 	 	 	
	 	 	 	 	 	

Indirect	 Auger dominates in InGaN 

Kioupakis, Rinke, Delaney, and Van de Walle, 
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Kioupakis, Steiauf, Rinke, Delaney, and Van De Walle, 

Exp: C =	 10–31 –	 10–30 cm6s-1 Phys. Rev. B 92,	 035207	 (2015). 



Polarization	fields	and	droop	

Green-gap	problem:	efficiency	droop	increases	with	increasing	
polarization	fields,	lower	efficiency	for	LEDs	at	longer	wavelengths	
	
Kioupakis,	Yan,	and	Van	de	Walle,	Appl.	Phys.	Lett.	101,	231107	(2012)	

evidence that A increases monotonically with increasing
electron-hole wave-function overlap.22

For the bulk recombination parameters, we use typical
values from experiment3 (A0 ¼ 5" 107 s#1; B0 ¼ 2" 10#11

cm3 s#1, and C0 ¼ 10#30 cm6 s#1). Theoretically obtained
values for the B0 and C0 coefficients are in agreement with
these measurements10 and would qualitatively produce the
same conclusions. Moreover, although the value of the C0

coefficient was obtained for bulk InGaN, we expect it to be
similar in QWs of both polar and nonpolar orientation. This
is because AR in the nitrides is a short-range scattering pro-
cess with a characteristic length on the order of the lattice
constant,10 and therefore C0 is not strongly affected in a
heterostructure.

The simulated IQE curves (Fig. 3) display the improved
efficiency of nonpolar devices. The c-plane device exhibits
the efficiency-droop and green-gap problems at both zero
bias [Fig. 3(a)] and 3.5 V bias [Fig. 3(b)], i.e., under both
optical excitation and electrical injection. On the other hand,
the m-plane device shows efficiency droop that improves
with increasing In content at zero bias [Fig. 3(c)], while for
electrical injection [Fig. 3(d)], droop is significantly sup-
pressed and the efficiency is almost independent of the emis-
sion wavelength.

We elucidate the behavior of the IQE by examining the
wave-function overlap as a function of In content and volt-
age. For c-plane, the polarization fields keep the electron and
hole wave functions at opposite ends of the QW both under
zero [Fig. 4(a)] and 3.5 V bias [Fig. 4(b)]. Moreover, increas-
ing In concentrations in the QW enhance the strain and
piezoelectric fields and further reduce the overlap [Figs. 2(a)
and 2(b)], deteriorating the device efficiency.

The IQE for the nonpolar QW exhibits much better
behavior. Under zero bias, the electron and hole wave func-
tions are kept apart by the junction field [Fig. 4(c)]. As the In
content increases, the QW confines electrons and holes more

effectively and the higher dielectric constant reduces the
electric field in the well; these effects combine to improve
the droop behavior at longer wavelengths [Figs. 3(c) and
2(c)]. The free carriers generate a counteracting screening
field that we have not explicitly addressed in our simulations.
This field (estimated to be less than 0.05 V/nm for carrier
densities of 1019 cm#3) would partially cancel out the junc-
tion field (on the order of 0.1 V/nm), increase the carrier
overlap, and improve the IQE at high carrier densities com-
pared to our unscreened estimates. Nevertheless, the IQE
behavior in Fig. 3(c) remains qualitatively correct. A finite
(3.5 V) applied bias creates flat-band conditions [Fig. 4(d)]
and the resulting overlaps approach 100% [Fig. 2(d)], inde-
pendent of In content. This increases the value of all carrier-
recombination coefficients (A, B, and C), which are propor-
tional to the square of the overlap, jFj2. Since the IQE is a ra-
tio of recombination rates, it is independent of the wave-
function overlap and therefore has the same value both for
the polar and the nonpolar LED for fixed n. However, the
radiated power at a given n is higher for the nonpolar device
because the increased overlap enhances the B coefficient. In
other words, for a given injected current density, the operat-
ing carrier density is lower in the nonpolar LED (because
carriers recombine faster), and this increases the IQE. This
conclusion was previously reached experimentally for polar
LEDs with varying In content and hence polarization
fields.22 Our simulation results verify this picture and explain
how the enhanced wave-function overlap of nonpolar devi-
ces significantly improves the high-power efficiency for all
emission wavelengths [Fig. 3(d)].

Device designs that suppress the polarization fields in the
QW will alleviate the droop and green-gap problems. Semipo-
lar and nonpolar growths have already yielded devices with
superior performance.25–27 A different approach to minimize
the polarization fields in polar devices is by engineering the
quantum barriers. Quaternary AlGaInN barriers have been

FIG. 3. Calculated internal quantum efficiency versus current density for
c-plane [(a) and (b)] and m-plane [(c) and (d)] growth, under zero bias [(a)
and (c)] or a 3.5 V applied voltage [(b) and (d)]. The polar c-plane device
shows the characteristic droop and green-gap problems (b). The nonpolar
m-plane LED displays much better performance (d).

FIG. 4. Calculated electron (wc) and hole (wv) wave functions and conduc-
tion (Ec) and valence (Ev) band profiles for an InxGa1#xN QW (x¼ 0.12),
for c-plane [(a) and (b)] and m-plane [(c) and (d)] growth, under zero bias
[(a) and (c)] or a 3.5 V applied voltage [(b) and (d)]. The absence of polar-
ization fields in the m-plane device increases the electron-hole overlap and
improves the efficiency.
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content increases, the QW confines electrons and holes more
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electric field in the well; these effects combine to improve
the droop behavior at longer wavelengths [Figs. 3(c) and
2(c)]. The free carriers generate a counteracting screening
field that we have not explicitly addressed in our simulations.
This field (estimated to be less than 0.05 V/nm for carrier
densities of 1019 cm#3) would partially cancel out the junc-
tion field (on the order of 0.1 V/nm), increase the carrier
overlap, and improve the IQE at high carrier densities com-
pared to our unscreened estimates. Nevertheless, the IQE
behavior in Fig. 3(c) remains qualitatively correct. A finite
(3.5 V) applied bias creates flat-band conditions [Fig. 4(d)]
and the resulting overlaps approach 100% [Fig. 2(d)], inde-
pendent of In content. This increases the value of all carrier-
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tional to the square of the overlap, jFj2. Since the IQE is a ra-
tio of recombination rates, it is independent of the wave-
function overlap and therefore has the same value both for
the polar and the nonpolar LED for fixed n. However, the
radiated power at a given n is higher for the nonpolar device
because the increased overlap enhances the B coefficient. In
other words, for a given injected current density, the operat-
ing carrier density is lower in the nonpolar LED (because
carriers recombine faster), and this increases the IQE. This
conclusion was previously reached experimentally for polar
LEDs with varying In content and hence polarization
fields.22 Our simulation results verify this picture and explain
how the enhanced wave-function overlap of nonpolar devi-
ces significantly improves the high-power efficiency for all
emission wavelengths [Fig. 3(d)].

Device designs that suppress the polarization fields in the
QW will alleviate the droop and green-gap problems. Semipo-
lar and nonpolar growths have already yielded devices with
superior performance.25–27 A different approach to minimize
the polarization fields in polar devices is by engineering the
quantum barriers. Quaternary AlGaInN barriers have been
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c-plane [(a) and (b)] and m-plane [(c) and (d)] growth, under zero bias [(a)
and (c)] or a 3.5 V applied voltage [(b) and (d)]. The polar c-plane device
shows the characteristic droop and green-gap problems (b). The nonpolar
m-plane LED displays much better performance (d).

FIG. 4. Calculated electron (wc) and hole (wv) wave functions and conduc-
tion (Ec) and valence (Ev) band profiles for an InxGa1#xN QW (x¼ 0.12),
for c-plane [(a) and (b)] and m-plane [(c) and (d)] growth, under zero bias
[(a) and (c)] or a 3.5 V applied voltage [(b) and (d)]. The absence of polar-
ization fields in the m-plane device increases the electron-hole overlap and
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Fluctuations	aggravate	droop	and	green	gap	

Virtual 
crystal 

Fluctuating 

Virtual crystal 

Fluctuating 

Alloy composition fluctuations decrease the 
efficiency at high power and at longer wavelengths 

Christina	Jones	et	al.,		Appl.	Phys.	Lett.	111,	113501	(2017)	
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Random	composition	fluctuations	in	InGaN	
localize	electrons	and	holes.	
•  Separate	electrons	and	holes	•	less	overlap	
•  Break	symmetry	•	enable	recombination	
	



How	to	improve	the	efficiency?	
•  Auger	+	polarization	+	localization	=	droop	+	green	gap.	
•  Unfortunately	intrinsic	to	InGaN	
•  Improvements:	

–  Zincblende	InGaN:	no	polarization	fields	
•  But:	requires	new	substrates	

–  Grow	more	quantum	wells	(reduce	carrier	density)	
•  But:	poor	carrier	transport	

–  Grow	a	single	thick	quantum	well	(reduce	carrier	density)	
•  But:	InGaN	mismatched	to	GaN,	dislocations	if	too	thick	

–  Alternative:	Make	the	quantum	wells	thinner	



Atomically	thin	GaN	for	deep	UV	LEDs	

•  Grown	by	Jena	and	Xing	at	Cornell.	
•  Deep	UV	with	atomically	thin	GaN	in	AlN.	
•  40%	IQE	for	deep	UV	emission	at	219	nm	

SM	Islam	et	al.,	Deep-UV	emission	at	219	nm	from	ultrathin	MBE	GaN	/	AlN	
quantum	heterostructures.	Appl.	Phys.	Lett.	111,	091104	(2017).	

PL emission at 234 nm, sample B (Ga/N: 0.75) at 222 nm,
and sample C with the lowest Ga/N ratio of 0.6 exhibits a
219 nm PL peak at 5 K. This is the highest reported emission
energy to-date using GaN as the light emitting material.
Temperature-dependent PL measurements showed that at
300 K the PL peak wavelength red-shifted by !4 nm consis-
tent with a Varshni trend. The measured PL peak positions
were compared with a Schrodinger-Poisson simulation using
SiLENSe software; an example energy-band diagram is
shown in Fig. 3(b). The effective GaN thicknesses for the
three samples to match the peak PL wavelength with experi-
ment were !1.4 ML (A), 1 ML (B), and 0.8 ML (C). Thus,
the emission wavelength can be reproducibly controlled by
choosing the appropriate Ga/N ratio. The absolute integrated
PL intensity was found to decrease at the shorter wave-
lengths with lowering the Ga/N ratio. This is expected
because of the reduction of the total GaN volume at higher
N-rich growth conditions. The high electron-hole overlap
seen in Fig. 3(b) calculated for the 0.8 ML effective GaN
thickness indicates robustness to the quantum-confined Stark
effect and leads to an interband transition wavelength of
219 nm (5.67 eV) for deep-UV emission, consistent with the
experimental observation.

The PL linewidth is a measure of the thickness fluctua-
tions of the GaN layers. For example, the average thickness
of the GaN layers for each of the samples in Fig. 3(a) is 1.4
ML (A), 1 ML (B), and 0.8 ML (C) as mentioned before.

Based on the STEM image in Fig. 2(b), the thickest GaN
layer region in the samples is 2 ML. Therefore, the thickness
fluctuation (Dz) for the three samples is !0.6 ML (A), !1
ML (B), and !1.2 ML (C), respectively. The broadening is
estimated using the formula (dE0/dz)"Dz where dE0/dz is the
differential change of the eigenvalue energies calculated at
the effective GaN thicknesses for the three samples. The
simulation tool SiLENSe is used to calculate dE0/dz for each
of the samples. Based on this analysis, the calculated broad-
ening due to the thickness fluctuation is 16 nm (A), 30 nm
(B), and 36 nm (C) which are higher than the measured val-
ues of 9 nm (A), 20 nm (B), and 19 nm (C). This qualitative
agreement shows the correct trend and order of magnitude,
but to obtain quantitative agreement it is necessary to incor-
porate the size variations with full-bandstructure models17

that is not attempted here. Furthermore, the symmetrical PL
lineshape of disk-like sample A and the asymmetrical line-
shapes of well-like samples B/C with respect to photon
energy show good agreement with the models discussed in
Ref. 17. The PL lineshapes are guided by the distribution of
joint density of states and therefore different for the well-like
and the disk-like samples.

Figure 4(a) shows the temperature-dependent integrated
PL spectra which are indicative of the internal quantum effi-
ciency (IQE). The IQE estimated from the 300 K/5 K ratio
was 20% for sample A grown at a Ga/N ratio of 0.88. The
IQE went up to 40.2% for sample C with a Ga/N ratio of 0.6.

FIG. 2. Z-contrast STEM images for
sample A: (a) large area scan showing
uniform distribution of the 10 periods
of GaN/AlN heterostructures and (b)
zoomed-in image showing the pres-
ence of 1 ML and 2 ML GaN QDs sep-
arated by 4 nm AlN.

FIG. 3. (a) Normalized measured photoluminescence (5 K) and absorption (300 K) spectra showing tunable deep-UV emission down to 219 nm. The average
thickness of GaN layers were extracted from simulation. (b) Simulated energy-band diagram for 219 nm emission.

091104-3 Islam et al. Appl. Phys. Lett. 111, 091104 (2017)



0 10 20 30 40 50
Angstroms

0
0.001
0.002
0.003
0.004
0.005
0.006

Electr
ic field

 (MV/
cm)

0 10 20 30 40 50
Angstroms

0

0.005

0.01

0.015

0.02

Elect
ric fie

ld (M
V/cm

)

GaN$well$ AlN$barrier$c"axis$

conduc3on$band$

valence$band$

|ψ|2$electron$

|ψ|2$hole$Egap$

Atomically	thin	quantum	wells	

1 2 3 4 5 6 7 8 9
Barrier width (MLs GaN)

1

1.5

2

2.5

En
er

gy
 (e

V)

1 ML InN
2 MLs InN

1 2 3 4 5 6 7 8 9
Barrier width (MLs AlN)

4

4.5

5

5.5

6
En

er
gy

 (e
V)

1 ML GaN
2 MLs GaN
3 MLs GaN
4 MLs GaN

1 2 3 4 5 6 7 8 9
Barrier width (MLs AlN)

4

4.5

5

5.5

6

Ph
ot

on
 e

ne
rg

y 
(e

V) Electronic gap
Optical gap

1 2 3 4 5 6 7 8 9
Barrier width (MLs AlN)

0.1

0.2

Ex
ci

to
n 

bi
nd

in
g

   
en

er
gy

 (e
V)

(a)!

(b)!

1 2 3 4 5 6 7 8 9
Barrier width (MLs AlN)

0.1

0.15

0.2

Bi
nd

in
g 

en
er

gy
 (e

V)

1 ML GaN
2 MLs GaN
3 MLs GaN
4 MLs GaN

InN/GaN	

1 2 3 4 5 6 7 8 9
Barrier width (MLs AlN)

4

4.5

5

5.5

6

En
er

gy
 (e

V)

1 ML GaN
2 MLs GaN
3 MLs GaN
4 MLs GaN

1 2 3 4 5 6 7 8 9
Barrier width (MLs AlN)

4

4.5

5

5.5

6

Ph
ot

on
 e

ne
rg

y 
(e

V) Electronic gap
Optical gap

1 2 3 4 5 6 7 8 9
Barrier width (MLs AlN)

0.1

0.2

Ex
ci

to
n 

bi
nd

in
g

   
en

er
gy

 (e
V)

(a)!

(b)!

1 2 3 4 5 6 7 8 9
Barrier width (MLs AlN)

0.1

0.15

0.2

Bi
nd

in
g 

en
er

gy
 (e

V)

1 ML GaN
2 MLs GaN
3 MLs GaN
4 MLs GaN

1 2 3 4 5 6 7 8 9
Barrier width (MLs AlN)

4

4.5

5

5.5

6

En
er

gy
 (e

V)

1 ML GaN
2 MLs GaN
3 MLs GaN
4 MLs GaN

1 2 3 4 5 6 7 8 9
Barrier width (MLs AlN)

4

4.5

5

5.5

6

Ph
ot

on
 e

ne
rg

y 
(e

V) Electronic gap
Optical gap

1 2 3 4 5 6 7 8 9
Barrier width (MLs AlN)

0.1

0.2

Ex
ci

to
n 

bi
nd

in
g

   
en

er
gy

 (e
V)

(a)!

(b)!

1 2 3 4 5 6 7 8 9
Barrier width (MLs AlN)

0.1

0.15

0.2

Bi
nd

in
g 

en
er

gy
 (e

V)

1 ML GaN
2 MLs GaN
3 MLs GaN
4 MLs GaN1 2 3 4 5 6 7 8 9

Barrier width (MLs AlN)

4

4.5

5

5.5

6

En
er

gy
 (e

V)

1 ML GaN
2 MLs GaN
3 MLs GaN
4 MLs GaN

1 2 3 4 5 6 7 8 9
Barrier width (MLs AlN)

4

4.5

5

5.5

6

Ph
ot

on
 e

ne
rg

y 
(e

V) Electronic gap
Optical gap

1 2 3 4 5 6 7 8 9
Barrier width (MLs AlN)

0.1

0.2

Ex
ci

to
n 

bi
nd

in
g

   
en

er
gy

 (e
V)

(a)!

(b)!

1 2 3 4 5 6 7 8 9
Barrier width (MLs AlN)

0.1

0.15

0.2

Bi
nd

in
g 

en
er

gy
 (e

V)

1 ML GaN
2 MLs GaN
3 MLs GaN
4 MLs GaN

GaN/AlN	

Bayerl,	Islam,	Jones,	Protasenko,	Jena,	Kioupakis,	Appl.	Phys.	Lett.	109,	241102	(2016).	

•  Ordered	compounds,	reduced	Auger	
•  Stark	effect	is	weak	
•  Tune	gap	of	InN	in	red/	amber/yellow	



How	to	improve	the	efficiency?	
•  Auger	+	polarization	+	localization	=	droop	+	green	gap.	
•  Unfortunately	intrinsic	to	InGaN	
•  Improvements:	

–  Zincblende	InGaN:	no	polarization	fields	
•  But:	requires	new	substrates	

–  Grow	more	quantum	wells	(reduce	carrier	density)	
•  But:	poor	carrier	transport	

–  Grow	a	single	thick	quantum	well	(reduce	carrier	density)	
•  But:	InGaN	mismatched	to	GaN,	dislocations	if	too	thick	

–  Alternative:	Make	the	quantum	wells	thinner	



BInGaN:	matched	to	GaN,	visible	gap	

L.	Williams	and	E.	Kioupakis,	BInGaN	alloys	nearly	lattice-matched	to	GaN	for	high-
power	high-efficiency	visible	LEDs,	Applied	Physics	Letters	111,	211107	(2017).		

•  BInGaN	alloys	with	a	2:3	B:In	ratio	are	approximately	lattice	matched	to	GaN.		
•  Their	gaps	(direct)	span	the	entire	visible	range.	
•  Increase	thickness	•	reduce	Auger.	
	



Perspectives	for	future	work	

•  Improved	emitter	materials:	
–  Ultrathin	quantum	wells	
–  Boron-containing	InGa(Al)N	

•  Collaborations	with	predictive	theory	
–  Emitters	materials	
–  Phosphor	design	
–  Thermal	transport	
–  Defects	
–  Growth	kinetics	
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